Introduction
The strengthen grinding of metallic materials is a new technology of green energy saving, anti fatigue and life prolonging, which was first put forward by Professor Liu of Guangzhou University. It works by spraying the gas liquid solid three phase jet flow, which composed of strengthening abrasive and high pressure gas, to the metal workpiece surface. It can make plastic strengthen and micro-cutting grinding and tribo-chemistry modification come true at the same time. Moreover, the wear-resisting property, fatigue life and reliability of workpiece will be improved significantly [1] . However, affecting by a series of complex mechanical and chemical effects, such as three phase mixing flow field, abrasive particle impact, friction and micro-cutting, the cold hardening and brittleness of steel ball will be formed due to over strengthening, and fatigue spalling on the surface of steel ball will appear caused by the cyclic alternating stresses during strengthen grinding processing. Then, it will be invalidated, and affects the hardness of machined surface and reduces the fatigue resistance directly [2, 3] . Therefore, it is of great significance to explore the effect of the steel ball abrasion on the surface hardness of the workpiece in the strengthen grinding processing.
Specimen Preparation and Experimental Method
The object of this paper is the 6207N inner bearing ring after heat treatment. Its density is 7850 kg/m3, Young's modulus is 217GPa, tensile strength is 2352MPa, and yield limit is 1744MPa. The processing equipment is bearing strengthen grinding machine, and the parameters are set as follows: the abrasive jet pressure is 0.6MPa, the injection angle is 45 degrees, the distance is 50mm, and the rotational speed is 100r/min, as shown in Fig. 1 .
The strengthening abrasive is made up of nitrogen-rich liquid, brown corundum grinding mill and steel ball according to the mass ratio of 1:2:3. Among them, the steel ball diameter is 0.2mm, the average hardness is 63~65HRC, the density is 7890 kg/m 3 , the carbon content is 0.1%, the manganese content is 0.3%, the silicon content is 0.35%, and the chromium content is 1.5%. 10 bearing inner ring were taken and numbered 1~10, and the surface hardness of the raceway was measured. One inner ring was processed after 25 times cycle of strengthening abrasive. The raceway surface hardness of samples after processing was measured. 
Results and discussion
The average value of the bearing ring raceway surface hardness is 61.7~62.5HRC before processing, and up to 62.3~63.3HRC after processing, the maximum increment is of 1.3HRC. The increment of the surface hardness of the workpiece is mainly determined by the stiffness of the steel ball and the original hardness difference between the steel ball and the workpiece under the same processing conditions. When the steel ball was worn, its stiffness and surface hardness decreased, and resulting in the decreasing of intensification effect on the workpiece surface, high hardness lattice formed was reduced, and the processed workpiece surface hardness increment decreased. It could be speculated that the steel ball was in a state of micro wear before 125 cycles, and was in a state of rapid wear after 125 cycles, then achieved a new balance after 200 cycles, as shown in Fig. 2 . The impact occurred on the surface of steel ball and bearing raceway in the normal direction. Combining with Hertz contact theory and the principle of mechanical and chemical strengthening grinding [4] , the impact force of abrasive on metal workpiece could be achieved, such as formula (1). 
Here R denotes the average radius of steel ball, ρ denotes the average density, 1 v and 2 v respectively denotes the Poisson's ratio of steel ball and inner bearing ring, E1 and E2 respectively denote the elastic modulus of the steel ball and bearing ring.
When completely plastic deformation occurred on the surface of bearing ring raceway during the impact processing, the reaction force on the steel ball ( n F ) was 3 times of the yield limit stress of the bearing raceway ( 0 σ ). Integrating the dynamic equilibrium motion equation, and formula (2) could be taken [5] . Here − Z denotes the depth of pits on the specimen surface If the pits on the surface of bearing ring are regarded as circular hollow thick sphere that consisted of uniform force, then the strain along radial was equivalent. Along depth direction, the expressions of the stress distribution along the radial direction and the depth direction of the circular hollow thick sphere were shown as formula (3) ~ (4) respectively when a < Z < a+h [6] .
Here h denotes the plastic deformation depth of the machined bearing surface. The residual stress distribution along the depth of the pit was obtained by the formula (3) and (4) and Hertz theory, as following:
Under the same conditions, with the increase of cycle number, the alternating stress and reinforcing led to the abrasion phenomenon of fatigue and brittle fracture. Then, the average radius and density of steel ball will be decreased, and leading to the decreasing of the depth, the maximum radius and the depth of pits. Finally, the residual compressive stress on the surface of the workpiece was reduced.
It was assumed that the stress-strain relation of the material satisfied the power-law hardening law, and the residual compressive stress field satisfied the two-dimensional axial condition. Then, the expressions of residual compressive stress σ and surface hardness H and C can be obtained [7] , as following:
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Here 1 σ denotes the strength coefficient of workpiece material and n denotes the strain hardening exponent.
There is a positive correlation between the surface hardness and surface residual compressive stress according to the formula (7). It could be known that the plastic deformation, such as surface relaxation, surface peeling, particle crushing etc, appeared because of the reciprocating impact with the enhanced of recycling in the same conditions of mechanical and chemical strengthen grinding according to formula (5) and (6) . Then, the average radius and density of the steel ball were reduced, and the residual compressive stress that formed during process was decreased. Then the H decreased with the decreased ofσ , while the surface hardness and surface residual compressive stress of workpiece were positively correlated. Therefore, with the increasing of cycle index, the steel ball would be worn. Finally, the surface residual compressive stress and hardness increment would be reduced.
Conclusions
Based on the test of the steel ball wear effects on workpiece surface hardness increment, the relationship between the radius, the stress and the strain of steel ball during the processing were analyzed, and the relationship between the surface hardness and residual stress was established. Finally, the conclusion was drawn that the abrasion of steel ball would reduce the surface residual compressive stress and hardness increment.
